New Council of Europe regulations mandate housing of two rabbits in the same cage space currently used to house one, provided the animals are socially compatible. This study was designed to assess changes in growth and selected serum chemistry parameters due to pair housing or single housing of rabbits. Six sets of four female siblings of Crl:KBL(NZW)BR rabbits were used. The animals were seven weeks old on arrival. Two siblings of each set were allocated to pair housing, two to single housing. The animals were housed in stainless steel cages (120 cm Â 60 cm Â 60 cm) with a perforated floor, including a shelf (60 cm Â 30 cm) at 30 cm height from the floor. The rabbits were provided with an aspen cube (5 cm Â 5 cm Â 5 cm), one item per animal. The rabbits were weighed and blood samples were taken from the auricular central artery at four different times during the study. Blood sera were assayed for a set of routinely assayed clinical chemistry parameters: alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (APHOS), blood urea nitrogen (BUN), cholesterol (CHOL) and protein (PROT). Mean and variance profiles over the study period were statistically analysed by multivariate analysis of variance. No differences in mean profiles were detected; however, weight (P ¼ 0.0002) and APHOS (P ¼ 0.017) variances were significantly lower in pairhoused animals. The reduction in variance on growth and APHOS attributable to pair housing appears to be rather large. During the 21-week study, occasional fighting was seen between the pair-housed rabbits. After sexual maturity, further major fighting bouts resulted in significant trauma that necessitated the cessation of the study. In conclusion, pair housing appears to have a decreasing effect on growth and APHOS variance, but antisocial behaviour such as fighting remains a serious problem.
New regulations recently introduced in Europe (Council of Europe 2006) call for group housing of all gregarious species of laboratory animals. When for experimental or welfare reasons, group housing is not possible, animals should be housed within sight, sound or smell of each other and extra attention should be provided to enrich their environment to relieve boredom (Stauffacher et al. 2001) .
For social animals, such as rabbits, the presence of another animal in the same enclosure is the most challenging enrichment factor. While objects intended for enrichment are static and may have only novelty value, a partner poses continuous and unpredictable challenges to which the individual must react (Stauffacher et al. 2001) . Group housing is considered as social enrichment and thus represents the refinement alternative on the 3Rs (reduction, refinement and replacement) concept to the use of laboratory animals (Russell & Burch 1959 , Declaration of Bologna 1999 .
All refinements should have both verified efficacy on animal welfare and proven safety. Safety in this connection should be understood in a far broader context than simply being non-toxic; anything that may interfere with the study results or their interpretation is a safety issue to the study. Failure in efficacy nullifies the refinement objective, while lack of safety may have serious consequences on the validity of the experiment. This study addresses the compatibility point of view as an efficacy component, and how it can alter the variance as a safety issue.
Rabbits, as a species, are difficult to house in groups. Mature males are incompatible and even with females it may be possible only to house littermates together for a while after weaning. Compatibility problems can arise in females at the time of sexual maturity, requiring careful monitoring of the animals (Bigler & Oester 1994a) . Group-housed rabbits show preference for group sizes of one to three animals (Whary et al. 1993) , and when housed in pairs, the animals stay in close proximity with each other (Huls et al. 1991 , Brooks et al. 1993 . A group size of two rabbits -pair housing -is indeed the simplest form of social enrichment and possible in reasonably sized cages. To enhance social enrichment in rabbits, the European regulations make it possible to house two rabbits in a cage space previously considered adequate for one single rabbit (Council of Europe 2006) .
Almost all studies have focused on assessing whether group housing in rabbits has any impact on the means of the parameters tested, such as immune response, plasma corticosterone levels, growth rate, incidence of infectious disease, injuries due to aggression (Whary et al. 1993) , immunosuppression related to social rank (Turner et al. 1997 ) and behaviour (Chu et al. 2004 ). However, this may be the lesser of evils as shown by a handful of rodent studies on effects in the variance of the same parameter between individual animals (Haemisch & Gä rtner 1994 , Eskola et al. 1999 , Mering et al. 2001 , Tsai et al. 2002 , 2003a or within the same animal variance of paired organs (Stub et al. 2004 , Sørensen et al. 2005 since changes in means should be the same in properly established controls. Indeed, changes in variance attributable to enriched environment may cause scientists to draw false-positive or false-negative conclusions or to overlook significant changes.
This study was designed to simultaneously assess both compatibility (refinement) and variance (reduction) of arbitrarily chosen clinical chemistry parameters and growth rates attributable to rabbit pair housing following the revised Council of Europe (2006) regulations.
Materials and methods

Animals and study design
A total of six sets of four female siblings of outbred Crl:KBL(NZW)BR (Charles River, St Constant, Quebec, Canada) rabbits were used. Based on literature reference values, it was estimated that, with a ¼ 0.05 and 80% power, differences of 20-30% in variance could be detected with 12 pairs of animals. The animals were tattooed on the ear at weaning and each set of four animals was kept in the same group from weaning until delivery to the research site. The study was carried out at the Animal Research Farm of the Milton S Hershey Medical Center in Hershey, PA, USA.
The animals were delivered and transported as pairs in the transport boxes. Upon arrival, the boxes were weighed, and heavier or lighter box animals of each set of sisters were allocated in turn to individual or pair housing.
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The animals were seven weeks old on arrival, and they were quarantined for 14 days in accordance with animal facility's quarantine procedure for new arrivals. This included daily observation and overnight fasting following arrival, and ad libitum feeding thereafter during quarantine.
We did not want to use the animals for the variance study only, but combined it with other activity where the procedures were identical in all of the animals. The rabbits were immunized with a single antigen. Immunization with antigen and complete Freund's adjuvant was followed by three boosters with antigen and Freund's incomplete adjuvant at two-week intervals. Exsanguinations were carried out after the last sampling for this study.
Housing exposure
The perforated floor, stainless steel cages (120 cm Â 60 cm Â 60 cm), modified from two cat cages, exceeded requirements set for rabbits over 5 kg, according to both revised European and current US regulations. A shelf made of polyethene (60 cm Â 30 cm, about 33% of total cage floor area) at a 30 cm height from the floor was built into the cage (original cat cages: Harford Metal Products, Aberdeen, MD, USA; modifications and shelf: Accurate Products and Services Inc, Hummelstown, PA, USA) (Stauffacher et al. 2001) . The cages were changed every two weeks.
The rabbit room had 15 air changes per hour and temperature was maintained at 18721C and relative humidity between 40 and 60%. The feed used was Harlan Teklad 8630 (Harlan Teklad, Madison, WI, USA) given ad libitum. There were two water bowls with tap water and one feed hopper in each cage. Absorbent paper with waterproof sealant on one side was placed under the grid floor. The absorbent paper was changed once between the cage changes.
Starting on the first day of quarantine, the rabbits were supplied with aspen cubes (5 cm Â 5 cmÂ 5 cm, Tapvei, Kaavi, Finland) in the cage, one item per animal. The cubes were replaced at each cage change.
Sampling and assays
A small blood sample was taken with a 3 mL vacuum serum tube from the auricular central artery at four time points: 31, 67, 99 and 144 days, after arrival at the same time (between 10:00 and 12:00 h). The order of animals sampled was always the same and siblings constituting pair-housed and individually-housed animals were sampled next to each other. When taking blood samples, the animals were restrained in a smaller stainless steel cage. Blood was left to stand for 30 min at room temperature, centrifuged and the serum separated.
The samples were refrigerated and assayed for total protein (PROT), alkaline phosphatase (APHOS), aspartate aminotransferase (AST), alanine aminotransferase (ALT), cholesterol (CHOL) and blood urea nitrogen (BUN) with Roche Cobas Mira Classic TM chemistry analyzer using Sigma Diagnostics s (St Louis, MO, USA) reagents according to the manufacturer's instructions. These are routinely assayed clinical chemistry parameters, e.g. determination of health status and effects of treatment. The normal ranges shown have sometimes wide variance, some of which may be due to differences between individual and single housing.
The animals were weighed on departure from the breeder (7 weeks old) and at 11, 12, 13, 17, 18, 25 and 28 weeks of age during the study. Daily observations of the animals were recorded in a notebook.
Statistical methods
Classical multivariate analyses of variance techniques were employed in the analysis. It was assumed that the outcomes measured at p time points were random and independent observations from a p-variate Gaussian distribution with a mean vector m 1 and covariance matrix S 1 for single-housed rabbits, and with a mean vector m 2 and covariance matrix S 2 for pair-housed rabbits.
Outcomes were log-transformed when deemed necessary. To assess the robustness of the results, analyses were done for two data-sets: (a) complete case analysis involving rabbits without any missing values (n ¼ 20) and (b) an analysis involving all rabbits up to the time point until which all the outcomes were complete.
The primary interest was to test the null hypothesis H 0 : S 1 ¼ S 2 against a twosided alternative H 1 : S 1 6 ¼S 2 on a 5% significance level. Bartlett's modification of the likelihood ratio test of the homogeneity of the within-group covariance matrices was used (Morrison 1976) . The magnitude of the difference was estimated ad hoc by the ratio of Wilks' generalized variances adjusted for the dimension (number of measurement points): {det(S 2 )/det(S 1 )} 1/p . This quantity is typically used as a measure of asymptotic relative efficiency in multivariate analysis theory. Finally, tests of the hypotheses of equal mean profiles H 0 : m 1 ¼ m 2 versus H 1 : m 1 6 ¼m 2 were conducted by the classical Hotelling's T 2 test statistic (see, for example, Anderson 1984) . Analyses were performed by PROC DISCRIM in SAS System version 8.02.
Results
During the study, there were several spontaneous bouts of fighting among the pair-housed rabbits, which were resolved by themselves. After sexual maturity, serious fighting incidents occurred, and based on veterinary evaluation, one pair had to be separated. This, together with the singlyhoused pair, was withdrawn from the study at day 102. After a second serious bout of fighting occurred on day 144, the whole study was terminated.
Pair housing decreased variance of both growth (P ¼ 0.0002 [a], Po0.0003 [b]) and APHOS (P ¼ 0.017 [a], P ¼ 0.006 [b] ) as can be seen in Table 1 . The corresponding point estimates gave growth values of 0.36 (a) and 0.18 (b). Point estimates of variance reduction represent the number of animals needed in pair housing (n p ) relative to single housing (n s ) design. For APHOS, the point estimate values were 0.32 (a) and 0.45 (b). Figure 1 illustrates the changes of growth variance throughout the study. At the commencement of the study, growth Laboratory Animals (2007) 41 Rabbit pair housing and variance 435 Point estimate for differences is the multiplier for appropriate number of animals for pair housing of rabbits as compared with single housing. Results are either from 20 animals and four time points ( variances in both singly-housed and pairhoused groups were the same, but during the study, values for single-housed rabbits grew faster than those for their pair-housed counterparts. Changes in variance were not relative, since both groups gained weight at the same rate ( Figure 2 ) nor were there any statistical difference between the parameters for the two groups (Table 1) .
The four sampling time values for APHOS variance are shown in Figure 3 . Estimates for singly-housed animals were above the values of the pair-housed animals at the beginning and at the end of the study, with the differ-ence growing largest at the last sampling. No clear trend could be seen, however.
Discussion
Female rabbits should be housed in harmonious social groups unless there are good veterinary or scientific reasons for not doing so (Stauffacher et al. 2001) . One veterinary reason could be aggression among incompatible animals, and one scientific reason could be potential interference with the experimental protocol. Many of the concepts on rabbit pair housing, which were incorporated into the revised Appendix A (Council of Europe 2006), can be traced back to Stauffacher (1992) , i.e. as freedom of movement through space and raised area, behaviour-specific functional areas, provision of activity items and a social partner. Ideally, groups and pairs should consist of littermates never separated from each other (Zain 1988); as shown in the Materials and methods section, littermates were not separated in this study.
The effects of group housing -including pair housing -on parameter means and welfare (efficacy) have been studied in rabbits. However, there are few studies on the effects of housing refinements on result variance (safety) and these are restricted to laboratory rodents. Within the last category, there are only two studies on effect of group size on result variance (Stub et al. 2004 , Sørensen et al. 2005 .
Effects of group housing on parameter means and welfare in rabbits
Whary et al. (1993) housed female NZW rabbits singly in 3600 cm 2 bare cages or in groups of eight in a floor pen (3750 cm 2 per animal) equipped with a shelf, a litter box and a polyvinyl chloride tube as a potential shelter. Rabbits benefited from group housing; there was less fighting and they were often seen lying full stretched out, indicating that they had adequate space for this speciesspecific posture (Gunn-Dore 1997). Turner et al. Table 1 cardboard boxes and raised shelves. The sizes of the cages used in this study were between those of these two studies in floor area (7200 cm 2 ), and included only resting shelf and one chewing block per animal. Whary et al. (1993) found no differences in means of immune responses, plasma corticosterone levels and growth rate. Turner et al. (1997) observed no change in immunosuppression mean values attributable to social rank in two stocks of rabbits. Mean growth rate appeared to be the same in individually and group-housed rabbits, an observation confirmed in this study. Individual rabbits in groups of four adult animals of two stocks, both low-ranking and high-ranking females showed a moderate preference for a solitary pen over a pen with the other cage mates (Held et al. 1995) , i.e. the animals seemed to have a need for occasional privacy. In the cage set-up of this study, opportunity for privacy was limited to the space under the shelf.
Pair housing of rabbits in cages has been far less studied than group housing either in cages or on the floor. Huls et al. (1991) had NZW females pair-housed in two interconnected 2580 cm 2 cages. The animals stayed 88% of the time in the same half of the cage and in intimate body contact for about 20% of the time. A later study by Brooks et al. (1993) with a similar set-up indicated that adult pairhoused NZW females preferred to stay together in the same half of the cage for 90% of the time. A more recent study by Chu et al. (2004) revealed less abnormal behaviours and more locomotor activity in pair-housed rabbits as compared with single housing at an equal cage density.
Cage or pen size and furniture
Species-specific behaviour requires appropriate space. There should be enough space allowing rabbits to stretch out to their full length along one side of the cage, to sit upright, to perform a series of hopping steps and a choice of resting place (Stauffacher 1992 , Stauffacher et al. 2001 . The cages used in this study fulfilled these criteria. The cage width (120 cm) is clearly longer than the full length of the largest rabbit used, and a height of 60 cm is sufficient for free clearance of the ears of standing rabbits. Floor space (7200 cm 2 ) exceeds minimum requirements in the revised Council of Europe regulations, which state 5400 cm 2 for rabbits >5 kg (Council of Europe 2006) .
A shelf allowing the animal to stand, lie and sit or to move under quickly is part of the new European regulations. The shelf built into the cages of this study concurs closely with the recommended size of 60 by 35 cm and with the recommended height from the cage floor (Council of Europe 2006) .
In addition to the social enrichment, each rabbit was supplied with an aspen block as an enrichment item (Stauffacher 1992) . Aspen is relatively soft, and does not contain volatile compounds that can induce liver microsomal enzymes, as opposed to coniferous wood material (Vesell 1967 , Nevalainen & Vartiainen 1996 . Indeed, the use of items made of coniferous wood should be considered as a safety issue in any study.
Effects of group housing on result variance
Fluctuating asymmetry is a measure of small, random deviations from symmetry in otherwise symmetrical paired organs. Stub et al. (2004) showed that fluctuating asymmetry -in essence reflecting variance within the animal -was higher in singly than in group-housed animals of three inbred strains of mice, suggesting that single housing was more stressful. A later study on male Lewis rats by the same group had a similar outcome; fluctuating asymmetry was higher in singly-housed animals than in those groups (Sørensen et al. 2005) .
Once a change in results variance has been demonstrated, the next logical step is to translate the change to appropriate number of animals, i.e. reduction potential. The correctness of the estimate made in this study for detection ability, which is then the basis for the number of animals to be used, is difficult to verify. Significant differences in variance were detected, i.e. growth and APHOS were far larger than threshold values of 20-30%. There were other differences of that magnitude in the mean variance of parameters assessed, but other factors, such as overall variability of raw data, may have affected the outcome (Table 1) .
The point estimates for growth with both the calculation approaches are rather far apart, which can be attributed to the different data used in calculations (a) and (b). At the same time, this shows how sensitive the calculations are to either inclusion or exclusion of data. Even though the overall number of experimental units is low, results on growth do not suffer from uncertainty. This is verified through visual examination of the trend line (Figure 1) , high statistical significance and large point estimate values irrespective of the data-set analysed. If growth were to be the resulting parameter, then a change from single housing to pairhousing in rabbits could at least halve the number of animals needed, perhaps even a greater reduction could be achieved (Table 1) . The large decrease in variance may be attributable to the continuous interaction between the pair, keeping each rabbit busy with social activities at the expense of eating and resting; a finding in line with increased locomotor activity of pairs shown by Chu et al. (2004) .
Growth can be considered as an index of welfare, but there were no mean growth differences seen in this study (Table 1) . Increased or decreased variance of growth may hence be interpreted as higher or lower variance in the welfare of the animals in the group as suggested in the studies on fluctuating asymmetry (Stub et al. 2004 , Sørensen et al. 2005 . Attempts to achieve the least possible variance in welfare are an ethically worthwhile aim, and may well impact on the variance present in other parameters.
The point estimate for APHOS carries lower significance and a somewhat smaller point estimate, but in this case the estimates from the two approaches were closer to each other. Low significance, low number of experimental units and the abrupt increase of the difference at the fourth sampling point may still involve some uncertainty. However, a reduction of at least half of the number of female rabbits can be considered as being achievable in response to pair-housing (Table 1, Figure 3 ).
Compatibility of rabbit groups
There are no advantages to pair-housing if fighting among animals necessitates separation of rabbits, as seen in this study. Fighting can be associated with a variety of factors, such as stock, individual and genetic characteristics, age and weight, sex, size of enclosure, husbandry, handlers, environmental enrichment and proximity of the opposite sex (Morton et al. 1993) . The results of this study are applicable to one stock and to females within that stock. Towards the end of the study, the animals were entering sexual maturity and this has been shown to increase fighting in female rabbits (Bigler & Oester 1994a) . The size of the cage, as discussed above, should have been sufficient to decrease fighting, but perhaps a pair of food hoppers combined with restricted feeding and isolating walls for privacy could have been advantageous in this respect (Krohn et al. 1999) .
Establishing social groups of rabbits early in life should decrease problems with compatibility (Stauffacher 1992 , Morton et al. 1993 , Stauffacher et al. 2001 . The females used in this study had been together since birth, and the pairs used had been together throughout the study. The only factor that may have had an effect on group hierarchy was the separation of the animals at the breeding facility during shipment to the study site. The pairs formed during shipment were kept together, but as shown even this did not resolve the problem of aggression completely.
Aggression is a normal social behaviour, but within the constraints of laboratory animal housing it can become a problem, because the animals cannot avoid each other. Laboratory rabbits are remarkably docile and show virtually no fear responses to humans, yet both sexes appear to be more aggressive against each other, more so than their wild counterparts (Kraft 1979a,b) . Indeed, housing rabbits in pairs or groups with minimal fighting can be quite challenging (Morton et al. 1993) . Chu et al. (2004) compared the behaviour of non-littermate female NZW rabbit pairs for a five-month period through puberty.
This time period is almost the same as that used in this study; their starting age was only two weeks. Their cages for pairs were somewhat larger than those used in our study (9270 vs. 7200 cm 2 ), but they used cage density as the basis for comparison. Furthermore, Chu et al. (2004) had no structures in the cage which would enable the rabbits to avoid each other, but had a food hopper for each animal. Chu et al. (2004) had to separate one of their four pairs due to persistent aggression at the end of the study and after sexual maturity. Their fighting frequency is not very different from that detected in this study; while Bigler and Oester (1994b) showed injurious fighting in one of eight pairs during a longer, sevenmonth study. Hence, fighting between incompatible animals does occur, and requires regular observation and veterinary interventions.
Structuring the cage environment may be far better than simply increasing the space available. The shelf used provides space to sit on and to hide under. The horizontal division may not be sufficient to prevent fighting, thus also vertical partitions may be necessary for rabbits to either initiate or escape from social contact. This study was aimed at keeping the environmental variables to a minimum to investigate the effects of pair-housing in accordance with the revised European regulations (Council of Europe 2002). Obviously this was not enough to prevent skirmishes and fighting with the stock of rabbits used.
The effects seen are unique to this study and their applicability may be limited due to the mixed nature of the housing exposure. Yet, this is the default in all individual studies, and can only be solved with further work on the topic.
In conclusion, this study shows that pairhousing of female rabbits does provide a clear and a considerable reduction effect in the variance of growth and serum APHOS levels, but fighting between the animals at about the time of sexual maturity is still a problem. If this anti-social behaviour can be decreased to a tolerable level, then pairhousing may be viewed as the solution of choice for housing of female rabbits.
